Microbial transglutaminase (mTG) shows broad substrate specificity that is amenable to in vitro bio-conjugation applications. Herein, test proteins were genetically fused with peptide tags, followed by mTG-mediated propargylation of their reactive Gln residues.
The sequencing of the human genome has identified a huge number of putative genes. 1 However, the functional role of very few can be inferred from their primary sequences. For most, assigning functional roles will require methods for monitoring the activity and interactions of the gene products. Although a wide range of methods for the chemical modification of proteins have been developed, 2,3 these methods usually result in the selective labelling of a given functional group, rather than the site-specific labelling of one residue of a specific protein. However, by labelling proteins in living cells, critical information may be gained regarding their expression, localization and trafficking. For this reason, several methods for the site-specific labelling of specific proteins have emerged and are the subject of recently reviews. [4] [5] [6] [7] One of the most important of these techniques involves the genetic fusion of a short peptide sequence to a protein of interest (POI), followed by the site-specific modification of this peptide tag, using a co-expressed enzyme. 7, 8 Several enzymes have been used to this end, 7 From this cursory analysis, TG2 emerges as having tremendous potential for labelling a POI with minimal perturbation, anywhere in its sequence, by virtue of the versatility and efficiency of this enzyme. In their native role, transglutaminases catalyse the cross-linking of proteins, by mediating a transamidation reaction between the side-chains of peptide-bound Gln and Lys residues (Fig. 1) . This activity has been exploited, in our labs 16 and others 15 through the TG2-mediated incorporation of functionalized amines into a Gln-substrate peptide tag. However, the cellular application of TG2 seems problematic, given its broad specificity for its glutaminedonor sequence, large size (76 kDa) and calcium dependence. Recent attention has therefore turned to the use of microbial transglutaminase (mTG) from Streptoverticillium mobaraense, a smaller (38 kDa), calcium-independent enzyme. 17 mTG has been used extensively in the food industry to cross-link proteins, through the same Gln/Lys acyl transfer reaction as the mammalian enzymes, as a way of improving texture. 18 It has also been used to facilitate the conjugation of biodegradable polymers with the intention of mediating drug delivery, 19 and applied to in vitro sitespecific protein labelling 20 and immobilization. 21 Furthermore, two recent discoveries regarding the substrate specificity of mTG have set the stage for its widespread application. Firstly, short peptide sequences have been developed that serve as genetically encodable high-affinity Gln-substrates for mTG ('Q-tags'). In seminal work, Hitomi and co-workers used phage-displayed peptide libraries to discover sequences that serve as efficient Gln-donor substrates for mTG, while maintaining orthogonality with mammalian transglutaminases. 22 Recently, we showed 23 that these sequences can be trimmed down to heptamers and genetically fused to test proteins, while retaining their efficient reactivity with mTG. Secondly, we have recently shown that propargylamine serves as a surprisingly efficient amine substrate for TG2 16 and mTG. 24 Through subsequent copper-catalyzed azide-alkyne cycloaddition (CuAAC) we were able to demonstrate the modification of small glutamine peptides 16, 24 and a native protein. 16 The exciting potential of these discoveries can be manifested in a protein-labelling method combining the specificity of mTG Q-tag recognition with the breadth of 'click' chemistry, thereby adding a wide range of unnatural functionality to a POI, through selective and site-specific post-translational modification. Herein, we demonstrate two proof-of-principle applications of mTG-mediated protein labelling, in the sitespecific modification of a Q-tagged protein for (1) fluorescent labelling and (2) immobilization. For the fluorescent labelling demonstration, an appropriate test protein was first prepared by sub-cloning onto the C-terminus of Maltose Binding Protein (MBP) a short spacer sequence (GSSGSS), followed by one of three Q-tags 23 -7M48 (WALQRPH),
7M42 (WELQRPY), or 7M38 (YPMQGWF)
. The Q-tagged MBPs were then expressed and purified according to established protocols 25 (see ESI †). These purified proteins were then incubated at 37 1C at a final concentration of 0.02 mg mL À1 in the presence of 1 unit of mTG in a reaction mixture containing 20 mM propargylamine, 200 mM MOPS (pH 7.2) and 1 mM EDTA at a total volume of 500 mL. After 2 hours, 1 mL of a 1 : 1 water : tert-butanol solution of 10 mM of dansyl-ethylazide (see ESI † for synthesis), 0.1% copper sulphate and 0.01% sodium ascorbate was added. The ensuing 'click' reaction was allowed to proceed overnight at 4 1C. After the reaction, labelled MBP was washed repeatedly over a membrane having a 14-kDa molecular weight cut-off, effectively removing any unbound dansyl-ethylazide. The labelled proteins were then analysed by SDS-PAGE. As shown in Fig. 2 , MBP was effectively fluorescently labelled when bearing the Q-tags 7M48 and 7M42. However, when Q-tagged with 7M38, a sequence known to have relatively weaker affinity for mTG, 23 little fluorescent labelling was observed, as expected. As a negative control, untagged MBP was also subjected to the same labelling experiment. Although MBP contains nine native Gln residues, no fluorescent labelling was observed. This clearly demonstrates that non-specific labelling of intrinsically unreactive Gln residues is negligible, illustrating the distinctive affinity conferred by select Q-tag sequences.
Furthermore, the three Q-tagged MBPs were then characterized as Gln-donor substrates for mTG, using our continuous enzyme-coupled assay (see ESI † for protocol). 23 Comparison of the specificity constants (k cat /K M ) for these three proteins shows that the reaction with MBP-7M48 is ten times more efficient than with the other Q-tagged proteins (Table 1) . This confirms our previous findings, 23 and validates the use of the 7M48 sequence as a high-affinity peptide tag for mTG. In our second proof-of-principle experiment, we sought to immobilize a test protein. Protein immobilization is used extensively throughout molecular biology 26 and for a variety of commercial purposes, 27 while the site-specific immobilization of enzymes is of critical importance in bio-catalysis. For the purposes of our demonstration, we sub-cloned a GSSGSS spacer and our 7M48 Q-tag onto the C-terminus of the highly photostable monomeric red fluorescent protein mRuby2, derived from eqFP611. 28 The resulting mRuby2-7M48 test protein was then expressed and purified (see ESI †) and diluted to 0.01 mg mL À1 prior to mTGmediated propargylation, as described above. After washing, the propargylated test protein was incubated with 10 mg of magnetized azide-functionalized nanoparticles (TurboBeads s ), in the presence of 0.1% copper sulphate and 0.01% sodium ascorbate, in 1 mL of a 1 : 1 water : tert-butanol solution. After reaction overnight at 4 1C, the functionalized beads were washed and characterized.
Spectral analysis in a microtiter plate reader was used to verify the immobilization of propargylated mRuby2-7M48. As shown in Fig. 3 , the labelled beads showed significant absorbance and fluorescence, characteristic of mRuby2. When mRuby2-7M48 was treated in the same way, but in the absence of mTG (as a negative control), the beads showed minimal absorbance and fluorescence, which was found to diminish with repeated washing, suggesting it is due to non-specific binding of mRuby2. Comparison of the spectra unambiguously confirms the efficacy of the mTG-mediated immobilization. 
Additional qualitative evidence in support of this conclusion was obtained by fluorescence microscopy (see ESI †). These experiments clearly demonstrate the effectiveness of mTG for the efficient, site-specific propargylation of the 7M48 Q-tag sequence genetically fused to a POI. Subsequent 'click' chemistry can then be used to functionalize the POI with a broad range of azide derivatives. The negligible background reactivity of the Gln residue, the site-selectivity of the mTGmediated propargylation of a select Q-tag and the rich diversity of the subsequent bioorthogonal CuAAC 'click' reaction 29 all illustrate the potential for the extension of this method to the labelling of specific proteins in cell culture. We are currently exploring the scope of this approach, as a method complementary to others we have developed, 30 for the labelling of specific proteins in living cells. This work was funded through a Discovery Grant to JWK from the Natural Sciences and Engineering Research Council of Canada (NSERC). 
